The solubility and the dissolution mechanism of Ru in the CaO-SiO 2 , Na 2 O-SiO 2 , and Na 2 O-SiO 2 -Al 2 O 3 slag systems have been investigated in various conditions in order to understand the Ru dissolution behavior during pyrometallurgical recovery. The Ru solubility increases with an increase in the oxygen partial pressure and content of basic oxides; however it decreases with an increase in temperature. This implies that Ru dissolves in slag as an acidic oxide. The dissolution reaction is found to be Ru þ 3/4O 2 þ 1/2O 2À ¼ RuO 2 À and ÁH ¼ À130 AE 20 kJ/mol. From the dissolution behavior, Ru loss into the slag during Ru recovery by Cu smelting has been estimated to be about 50 ppmw.
Introduction
Large quantities of PGMs (platinum group metals) are used in high-technology industries, such as catalysts in automobile exhaust, because of their high melting temperature, high chemical durability, and other special characteristics. However, the grade of PGMs ores is only 4-10 ppm. Hence, the smelting of PGMs is time consuming and expensive; further, it has a considerable environmental impact. Since the development of society would accompany an increase in the consumption of PGMs, it is important to recover these metals effectively in order to create a sustainable society. In the case of Ru, one of PGMs, the consumption has increased suddenly with the use of Ru thin layers in the production of hard disk drives. However, Ru production is low (40 t/year); furthermore, as Ru is a byproduct of Pt, it is difficult to control its production. Therefore, the recovery of Ru is required from an industrial viewpoint as well as an environmental viewpoint. For the recovery of PGMs, a pyrometallurgical method is used when the contents of PGMs in the scraps are relatively low because wet process discharges a large amount of harmful solvent. However, it is difficult to recover Ru by the pyrometallurgical method, probably because Ru is likely to be oxidized; therefore, Ru would dissolve in the slag during recovery.
Several studies have been carried out on the recovery of Ru from some slag systems. Henao et al. 1) determined the distribution ratio of Ru between equilibrated Cu matte and FeO x -SiO 2 slag phase on the supposition that the Cu smelting process is used. Uruga et al. 2) recovered Ru by using liquid Cu. Jensen et al. 3) reported Pb oxide extraction. These studies are important because they focused on the actual recovery process, but it is difficult to apply them under different condition, as the Ru activity was not considered. The solubility of RuO 2 in various slag systems has also been studied. Palanisamy et al. 4) measured the RuO 2 solubility in PbO-B 2 O 3 -SiO 2 slag and reported that RuO 2 solubility increases with an increase in temperature. Mukerji and Biswas [5] [6] [7] investigated the temperature dependence and slag composition dependence of RuO 2 solubility and concluded that RuO 2 solubility increases with an increase in temperature and the content of the basic oxide. They also reported that Ru 4þ and Ru 6þ coexist in the basic Na 2 O-SiO 2 slag.
8)
During practical recovery processes, Ru is mostly expected to exist in a metal phase because the oxygen partial pressure is controlled so as to not oxidize the collector metals (Cu, Pb, etc.). On the other hand, there has been no research on the solubility of metallic Ru in a slag. In the present study, Ru solubility in molten slag has been investigated under various conditions and the Ru dissolution mechanism has been examined to understand the Ru behavior during pyrometallurgical recovery processes.
Experimental Procedure
Metallic Ru and a slag were equilibrated at a high temperature, and the Ru solubility was investigated by varying the oxygen partial pressure, slag composition, and temperature. The slag samples were prepared by melting the mixture of reagent grade Na 2 CO 3 , SiO 2 , Al 2 O 3 , and calcined CaO from reagent grade CaCO 3 . The mixture was melt in a platinum crucible at 1373-1873 K. Initial slag compositions were selected so that the slag could form a uniform liquid phase during experiments. Ru pellets were made by pressing Ru powder (>99:9%) at 14.6 MPa. Ru crucibles were made by sintering Ru pellets at 1773 K for more than 36 h, and then pitting with an electric discharge machine. The outer diameter of pellets and crucibles was approximately 10 mm. The CaO-SiO 2 and Na 2 O-SiO 2 slag was charged in the Ru crucible ( Fig. 1(a) ), and the Na 2 O-SiO 2 -Al 2 O 3 slag was charged in Al 2 O 3 crucible (Fig. 1(b) ) with a Ru pellet. The sample was equilibrated at 1728-1873 K for 18 h in an electric resistance furnace. During the experiments, the oxygen partial pressure was controlled within 1:0 Â 10 À4 -0.21 atm by a gas mixture of Ar-O 2 or Ar-air. After withdrawing the sample out of the furnace, the slag composition was determined by inductively coupled plasma emission spectrometry (ICP-AES).
Result and Discussion
Experimental results are summarized in 
Oxygen partial pressure dependence of Ru solubility
The solubility of Ru in the 50(mass%)CaO-50SiO 2 , 50Na 2 O-50SiO 2 , and 50Na 2 O-40SiO 2 -10Al 2 O 3 slag systems is plotted against the oxygen partial pressure in a logarithmic form in Fig. 2 . Ru solubility increases with an increase in the oxygen partial pressure, suggesting that Ru dissolves in the slag as an oxide. This means that the dissolution reaction can be written as follows:
The equilibrium constant for eq. (1), K ð1Þ , is expressed by eq. (2).
where a i is the activity of i. Since the activity of Ru is unity, eq. (3) is obtained: 
where f RuO 2m is the activity coefficient of RuO 2m with respect to 1 mass% in the slag. In Fig. 2 , the activity coefficient and the equilibrium constant may be constant because the slag composition and the temperature are fixed. Therefore, the solubility of Ru is expected to have a linear relationship with the oxygen partial pressure in a logarithmic form, and the slope of the line will be m in eq. (3). As expected, the Ru solubility shows a good linear correlation. The slopes of the CaO-SiO 2 and Na 2 OSiO 2 slags could be estimated to be 0:75 AE 0:25 and 0:78 AE 0:12, respectively, indicating that m ¼ 3=4 and Ru dissolves as a trivalent, RuO 3=2
The 0:61 AE 0:21 slope in the Na 2 O-SiO 2 -Al 2 O 3 slag is slightly different from the 0.75 one, and it may be 0.50; however, the dissolution behavior of this slag system may be similar to that of the Na 2 O-SiO 2 slag. The Ru solubility at P O 2 ¼ 0:21 atm seems to be lower than the value estimated from the extrapolated line. This implies that RuO 3=2 is saturated below P O 2 ¼ 0:21 atm. By extrapolating the linear relationship, equilibrium oxygen partial pressure between Ru and RuO 3=2 was estimated to be 0.010 atm at 1473 K. Ru solubility at P O 2 ¼ 0:21 atm in CaO-SiO 2 slag also out of the linear relationship. The dissolution mechanism is expected to change in this region.
Temperature dependence of Ru solubility
The dependence of Ru solubility on temperature in the Na 2 O-SiO 2 slag is shown in Fig. 3 . The Ru solubility decreases with an increase in the temperature. This means that the dissolution reaction is exothermic. Assuming that the activity coefficient of the RuO 3=2 is independent of the temperature, the enthalpy change for the dissolution of Ru as RuO 3=2 is calculated from the slope of Fig. 3 as À130 AE 20 kJ/mol from the following equation:
The thermodynamic data for solid Ru oxides is available only for RuO 2 in the temperature range of 298-1200 K. 9) By extrapolating this data, we can calculate the enthalpy change of the formation of RuO 2 at 1473 K to be À278 kJ/mol. The thermodynamics of the dissolution of RuO 2 in the slag was also measured by Mukerji et al. 5) Using their data, we can estimate the enthalpy change of the dissolution reaction of RuO 2 at 1473 K to be 98 kJ/mol. Therefore, the dissolution behavior of Ru as RuO 2 can be represented as follows:
The enthalpy change of RuO 3=2 is three-fourth of that of RuO 2 . Because the enthalpy change corresponds to the valance states of Ru, a value of À130 AE 20 kJ/mol is considered reasonable.
Slag composition dependence of Ru solubility
In Fig. 4 , the solubility of Ru in the CaO-SiO 2 and Na 2 OSiO 2 slag systems is plotted as a function of the basic oxide content. The solubility of Ru in these systems increases with an increase in the content of the basic oxide. This means that Ru is acidic. Hence, the dissolution reaction can be written as follows:
The above equation can be transformed into eq. (8), where K ð7Þ is the equilibrium constant of eq. (7).
þ log K ð7Þ ð8Þ
Although a O 2À cannot be measured, it can be replaced with sulfide capacity, one of the indicators of slag basicity. Sulfide capacity represents the S absorption ability of slag and has been measured in many slag systems. The S dissolution reaction may be expressed by eq. (9), and the sulfide capacity is defined in eq. (10):
where K ð9Þ is the equilibrium constant of eq. (9), and C S 2À is the sulfide capacity. By eliminating the a O 2À term from eqs. (8) and (10), we can derive the relationship between the Ru solubility and the sulfide capacity as follows:
The activity coefficients of the ruthenate ion and sulfide ion are dependent upon the slag composition. However, the third term on the right-hand side of eq. (11) would be constant if the two activity coefficients have the same dependence on the slag composition. Therefore, the Ru solubility is expected to have a linear relationship with sulfide capacity in a logarithmic form, and the slope of the line is expected to be n.
The sulfide capacity for the Na 2 O-SiO 2 slag at 1523 and 1623 K was measured by Inoue and Suito, 11) and they concluded that temperature has little effect on the sulfide capacity. The sulfide capacity for the CaO-SiO 2 slag at 1923 K was measured by Fincham and Richardson. 12) Using their data, the relationship between Ru solubility and sulfide capacity was plotted in Fig. 5 . Figure 5 shows the Ru solubility against the sulfide capacity in a logarithmic form for the CaO-SiO 2 and Na 2 O-SiO 2 slag systems. They have linear relationships with the slopes of 0:57 AE 0:15 and 0:55 AE 0:12, respectively. This suggests that n ¼ 1=2 in the both slag systems. Consequently, the dissolution mechanism is supposed as follows:
Shikano et al. 13) characterized NaRuO 2 from the composite of Na 2 RuO 4 and Ru. This confirms the existence of the complex ion in eq. (12).
Activity coefficient of Ru
The activity coefficient of Ru 2 O 3 is obtained by assuming that all of Ru dissolves as Ru 2 O 3 . The dissolution reaction and the activity coefficient are written as follows:
where
is the standard Gibbs energy change of formation in eq. (13) at 1473 K can be estimated to be À56:4 kJ/mol from eq. (14) . The standard Gibbs energy change of formation of RuO 2 within 1000-2000 K 9) is estimated as follows:
Assuming that the change in the standard entropy of the formation of eq. (13) is the same as that obtained by eq. (16), we can represent ÁG 1/2Ru 2 O 3 as follows:
The activity coefficient is obtained from eqs. (15) and (17). The temperature dependence of the activity coefficient is shown in Fig. 6 . Activity coefficient decreases with an increase in the temperature. This is because the interaction between the ions in the slag decreases with an increase in the thermal energy of the ions. The dependence of the activity coefficient of Ru 2 O 3 on the slag composition is shown in Fig. 7 . The Ru solubility increases with an increase in the content of the basic oxide in the slag. In this figure, the activity of Ru 2 O 3 is constant because ÁG 2/3Ru 2 O 3 P O 2 , and a Ru are constant; therefore the activity coefficient decreases with an increase in the solubility of Ru 2 O 3 . Comparing the activity coefficient at 1473 K in the Na 2 O-SiO 2 slag with that of the CaO-SiO 2 slag at 1873 K, we find that the latter is larger than the former even at the higher temperature. This suggests that the Ru 2 O 3 solubility in the CaO-SiO 2 slag is smaller than that of Na 2 O-SiO 2 at the same oxygen partial pressure, same temperature, and same content of the basic oxide.
Ruthenate capacity
Ruthenate capacity, a generalized measure of Ru solubility independent of oxygen partial pressure, is defined from eq. (12) as follows:
þ log K ð12Þ ð19Þ
is the ruthenate capacity and K ð12Þ is the equilibrium constant of eq. (12) . Calculating the concentration of ruthenate ion from that of Ru, the ruthenate capacity was obtained from eq. (18). The dependence of ruthenate capacity on the content of the basic oxide in the silicate slag systems is plotted in Fig. 8 . This figure shows that the ruthenate capacity has a linear relationship with the basicacidic ratio of the slag in a logarithmic form. The plot of the 50(mass%)Na 2 O-40SiO 2 -10Al 2 O 3 slag represents the average ruthenate capacity of No. 22-26 samples. It seems to be on the same line as the Na 2 O-SiO 2 slag, suggesting that approximately 10% of Al 2 O 3 in Na 2 O-SiO 2 has little effect on the Ru solubility.
The relationship between the ruthenate capacity and the optical basicity is also investigated. Proposed by Duffy and Ingram, optical basicity is a measure of the basicity of the slag. 14) In their approach, the basicity is expressed in terms of the electron donor power of the oxide ion and is measured by probe ion spectroscopy, using Pb, Tl and so on. The optical basicity in various slag systems is summarized in Table 2 . 15, 16) The optical basicity of the slag systems used in this study was calculated from these values ( Table 1) . Equation (19) suggests that the logarithm of ruthenate capacity is expected to have a linear relationship with the optical basicity if f RuO À 2 is constant. The logarithm of ruthenate capacity is plotted against the optical basicity in 
At 1873 K in the CaO-SiO 2 slag system,
Dissolution behavior of Ru during actual recovery
The dissolution behavior of Ru during actual recovery using Cu smelting is predicted. During the process, oxygen partial pressure is the highest in a converter process. Therefore, the Ru solubility in the converter process is estimated because the Ru loss is considered to be highest. The temperature is assumed to be 1473 K, and the oxygen partial pressure is calculated from the Cu-Cu 2 O equilibrium. If the activity of Cu 2 O is 0.5, the oxygen partial pressure becomes 1:52 Â 10 À5 atm. The Cu 2 O activity is thought to be lower than 0.5; therefore, the oxygen partial pressure is lower than the abovementioned value. The composition of the metal phase is assumed to be 93(mass%)Cu-7Ru; this means that the activity of Ru is unity because Ru solubility in molten Cu at 1473 K is 7 mass%. In the actual process, Ru activity may be lower than this value. The composition of the slag phase is assumed to be 25(mass%)SiO 2 -70Fe 3 O 4 -5ZnO according to the converter slag. The optical basicity of the converter slag was calculated to be 0.69 using the value from Table 2 . Although the optical basicity of Fe 3 O 4 has not been investigated, it is assumed to consist of FeO and Fe 2 O 3 , and its value assumed to be 0.83. Assuming that f RuO À 2 in this slag is same to that of the Na 2 O-SiO 2 slag, the ruthenate capacity is calculated to be 26 from eq. (20), and then Ru solubility is derived to be 47 ppmw from eq. (18). It has been found that the distribution ratio defined as mass% Ru in the slag/mass% Ru in Cu is 6:7 Â 10 À4 . From this result, it is concluded that Ru hardly dissolves in the slag in the recovery process as long as it is equilibrated.
Conclusions
Ru solubility in the CaO-SiO 2 , Na 2 O-SiO 2 , and Na 2 OSiO 2 -Al 2 O 3 slag systems was investigated. Oxygen partial pressure was controlled within 0.00010-0.21 atm, and the temperature was controlled within 1428-1873 K. The Ru solubility varied in the range of 86-5600 ppmw. It increased with an increase in the oxygen partial pressure and content of the basic oxide in the slag, but it decreased with an increase in the temperature. It was found that the dissolution reaction could be written as shown in eq. (12); the change in the enthalpy of formation of the dissolving reaction was assumed to be À130 AE 20 kJ/mol. The activity coefficient of Ru 2 O 3 was obtained as 40-590, and it increased with a decrease in the content of the basic oxide and temperature. Ruthenate capacity was defined as shown in eq. (18), and it was expressed with optical basicity as shown in eqs. (20) and (21). It was concluded that, during actual recovery using Cu smelting, Ru solubility in the converter slag was smaller than 47 ppmw and the distribution ratio (defined as mass% Ru in the slag/mass% Ru in Cu) was smaller than 6:7 Â 10 À4 .
